Comparison of multiple flux quantum transition with the corresponding I-U-characteristic using Nb-point contacts G. Voss Abstract. 2014 For Superconductor-Superconductor (S-S) point contacts (Nb) a quantitative check is done whether the properties of flux quantum transition into a weakly connected superconducting loop can be predicted from the shape of the corresponding I-U-characteristic. The background is taken from the Resistively Shunted Junction (RSJ)-model using a modified sinusoidal Current-Phase-Relation (CPR). An experimental set-up was built to measure the I-U-characteristic and the flux penetration at the same point contact. The quantitative agreement between the predictions of the RSJ-model and the results of the experiment is surprisingly good.
Revue Phys. Appl. 15 (1980) show the well known effect of discontinuous flux penetration. The smallest possible flùx to penetrate into the loop is the flux quantum 00, and much effort has been made to study the single flux quantum transition [1] .
Contacts exhibiting I-U-characteristics without hysteresis as well as single flux quantum transitions in a sc loop are still of significant interest in order to obtain quantum devices with high resolution [2] .
The case of multiple flux quantum transitions is possible as well and was first theoretically considered by Kurkijârvi [3] . The first experiments showing multiple flux quantum transitions were done by [4] and [5] .
Each of the two phenomena : hysteretic I-Ucharacteristic and multiple flux quantum transitions, can be described by the phenomenological Resistively Shunted Junction (RSJ)-model [6] . But quantitative check yet whether the two phenomena can be understood consistently. Of special interest is the question of how well the properties of the multiple flux quantum transition (shape of the voltage pulse, amount of the penetrated flux and the penetration time) can be predicted simply by using parameters taken from the 1-U-characteristic of the same Josephson-contact. , Although there is the competing self-heating model [7] which describes the I-U-characteristic nicely we decided to use the RSJ-model. We did this because only the RSJ-model gives a simple possibility to compare results from the I-U-characteristic and multiple flux quantum transitions.
For that an experimental set-up was built to measure both the I-U-characteristic and the multiple flux quantum transition using the same contact. The sample arrangement (Fig. 2) consists of two cylindrical Nb-disks (1, 2) with appropriate holes for the point contact (7, 8) , the sc switch (9, 10) and the coil (5) to generate an extemal flux 0,,. The Nb-disks are insulated from each other by a mylar-foil (4) . figure 3a , fl. They are characterized by well established hysteresis (Il Ic), high critical current le (some mA) and nonvanishing 12 (excess current) (see Fig. 3 ). During the measurement the I-U-characteristic, the pulse, the I-U-characteristic and again the pulse are recorded in order to verify that the properties of the contact were not changed using the sc switch. Only those runs are taken into account for which the two I-U-characteristics and the two pulses are the same within the accuracy of the measurement.
3. I-U-characteristic and flux penetration in the RSJ-model. - The simplest phenomenological description of a Josephson-contact is given by the Resistively Shunted Junction (RSJ)-model [6] . The total current 7 through the contact is composed of three parts :
where the supercurrent 1,, is a function of the phase différence à across the contact, C is the capacitance and R is the resistance of the weak link.
The dependence is called Current Phase Relation (CPR). The CPR is a 2 n-periodic function and can therefore be written as a Fourier-series. The nonvanishing coefficients of the Fourier-expansion determine the strength of the coupling [9] . [12, 13] and [14] . It tums out that in general the CPR is nonsinusoidal.
One only gets a sinusoidal CPR in case of weak coupling under the additional condition that the geometric length 1 of the bridge is short compared with the coherence length ç B in the bridge. If 1 is long compared with 2 03BEB, the CPR shows reentrantbehaviour (see Fig. 5b ). [12, 13] that reentrant-behaviour of the CPR is to be expected for our contacts.
In the following considerations a reentrant CPR is approximated by a triangular CPR. This is a good approximation according to figure 5b for increasing and decreasing ô respectively. Furthermore (h) 1-U-characteristic for the modified sinusoidal CPR of figure 6b. 03C9+c 03C4 = 2 (see ref. [15] ).
In comparison the I-U-characteristic is shown for the triangular CPR as given in figure 6a [15] . Obviously with regard to the I-U-characteristic the modified sinusoidal CPR is a satisfying approximation of the triangular CPR. According to [16] (Fig. 5, Fig. 6 ), however, (18) cannot be solved analytically. Therefore the solution ç(ti) was calculated by digital [5] and analog [18] (18) [19] . [5] ) and a sudden breakdown.
The number of the oscillations is determined by the number of the flux quanta 0,/Oo penetrating into the loop.
In our experiments (time resolution 10-9 s) we cannot observe the oscillations on top of the voltage pulse (see Fig. 4 ). Therefore we have done a simple calculation which leads to the typical pulse for dcp/dtl, but averages through the oscillations.
For the following considerations we always assume r = LIc/~o 1 (transition B'-B,  Fig. 8 ). Now the current 1 increases again with external flux ~x until I reaches Ic, and the next flux quantum transition starts. From (18) The graphical representation (Fig. 8b) (Fig. 4a, 03B2 ). With the value for R taken from the corresponding I-U-characteristic (Fig. 3a, 03B2 ) one always obtains L = (20 ± 2) nH for the inductance of the expérimental set-up used here. Furthermore, taking the values for the parameters Ic+, li and R from the I-U-characteristic, 0(t) can be predicted according to (26) .
One obtains the calculated pulse (Fig. 9a) .
Because of the experimental technique used the measured pulse (Fig. 9c) Combining (19) and (30) we get an universal function Figure 10 shows the plot of (31) for the sinusoidal CPR (b) and for modified sinusoidal CPRs (c)-(e) in comparison with curve (a) numerically calculated by [5] for the sinusoidal CPR. There is an excellent agreement between the curves (a) and (b) . All (Fig. 9) . here.
In addition to the estimation vM = RI+c/~0 given by [5] we have a factor (1 -03B1+1)/ln ai in (27) (~ 1 3 for this work) which describes our experiments very well. It needs further effort to examine experimentally such a dependence of vM on the CPR.
